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ABSTRACT
Carbon Sinks and Sources in Great Salt Lake: Consequences
of Declining Water Levels
by
Melissa Cobo Arias, Master of Science
Utah Sate University, 2022

Major Professor: Dr. Erin Rivers
Department: Watershed Sciences

Saline lakes around the world are experiencing rapidly declining water levels,
primarily driven by climate change, anthropogenic water diversions, and non-adaptive
management strategies. Large saline lakes, including the Great Salt Lake, play a significant
role in global and local carbon cycling, and as such, it is important to assess the implications
of lakebed desiccation on processes that regulate carbon sources and sinks. This thesis
profiles the fate of carbon dioxide (CO2) in Great Salt Lake (GSL), a saline lake undergoing
rapid lake level declines, to examine how desiccation affects net CO2 budgets. Specifically,
this research investigates biological and biogeochemical processes that regulate carbon
cycling in the heterogeneous waters and playas of GSL. To determine the net consumption
or production of CO2 in the wetted lake area, aquatic metabolism was measured through a
multi-parameter approach. Diel dissolved oxygen curves, algal and macrophyte biomass
measurements, and dark/light experiments in a laboratory setting were used to measure
aquatic gross primary production (GPP), respiration (R), and net ecosystem productivity
(NEP) in multiple lake bays of GSL over a period of two years (2020-2021). Results

iv
indicated high variability in patterns of GPP, R, and NEP across the lake, but in
combination with declines in lake level over the study period, metabolic rates decreased
lake wide, but GSL remained net heterotrophic throughout the observation period.
Measured vegetation biomass along the desiccated shores of the lake indicated that
terrestrial vegetation on exposed lake beds is generally slow to develop in the exposed
saline sediments, suggesting there are likely low rates of primary production in exposed
sediments. To determine the effect of lakebed sediment exposure on CO2 production in
desiccated Great Salt Lake sediments, monthly measurements of CO2 were taken in the
playa along a transect from near lake edge to distal sediments to assess CO2 production
during the growing season in 2021. Results showed high rates of CO2 production from
playa sediments (mean = 9.38 mmol-CO2 m-2 d-1) during summer months and lower rates
of CO2 production in spring and fall months (mean = 1.15 and 0.96 mmol-CO2 m-2 d-1,
respectively). Rates of CO2 production were limited by sediment moisture content, with
higher rates occurring in sediments between 10-20% moisture content and the lowest rates
occurring in the driest sediments. The results of this research highlight that declining lake
levels in Great Salt Lake may alter carbon budgets, leading to variability in lake wide net
ecosystem productivity and total greenhouse gas emissions to the atmosphere from GSL
water and sediment. These data strongly support the idea that maintaining healthy water
levels in saline lakes should be considered a major priority of local governments and
populations.
(59 pages)
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PUBLIC ABSTRACT

Carbon Sinks and Sources in Great Salt Lake: Consequences of Declining Water Levels
Melissa Cobo Arias

Globally, saline lakes are experiencing declining water level as a consequence of
climate change, water diversions for human consumption, and management strategies that
do not account for changing climate and drought conditions. Great Salt Lake (GSL) is a
large saline lake in Utah, USA, and is, as most saline lakes, experiencing decreasing lake
levels which may impact local carbon cycling. It is unknown how lakebed drying affects
processes that control carbon sequestration and carbon emissions to the atmosphere. The
goal of this research was to measure various biological processes that use, create, and
transform carbon in GSL to understand the impacts of declining lake levels on carbon in
this ecosystem Gross primary production (GPP) and respiration (R) are processes within
the lake and lakebed sediments, performed by plants, algae, and microorganisms, that use
and create oxygen and carbon for energy. Gross primary production (GPP) uses carbon
dioxide to create oxygen and organic carbon, while respiration (R) uses oxygen and
organic carbon to create carbon dioxide. To determine how the total consumption and
production of carbon within the lake is affected by lake level decreases, GPP and R were
measured in GSL in 2020 and 2021, during which time lake levels decreased more than
.8 m. Measurements showed that GPP and R were very different across regions of GSL.
Results showed that there was more R than GPP in both years, indicating that there was a
net creation of carbon dioxide by organisms in the lake. Gross primary production and R
decreased from 2020 to 2021 due to the large decrease in lake levels. Carbon dioxide
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emissions from exposed lakebed sediments were also measured in 2020 and showed that
there were high levels of carbon dioxide released from sediments during summer months
and lower levels released during winter months. Carbon dioxide emissions from the
sediments were controlled by the amount of moisture in the sediments and by
temperature, indicating that emissions were low in very dry or very wet sediments and
lower during cold weather. This research show that there are important changes in the
GSL ecosystem as lake levels decrease. Future research should investigate patterns in
how organisms use, create, and transform carbon change around the lake and what this
means for future changes in GSL.
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CHAPTER 1
INTRODUCTION

Carbon cycling processes in lake systems occur through sediment carbon burial,
storage, and biologic transformations (Cole et al., 2007; Vadeboncoeur and Brothers,
2021), and lakes are estimated to store carbon at three times the rate of oceans per unit
area (Cole et al., 1994; Alin et al., 2007; Tranvik et al., 2009; Mendonca et al., 2017).
Transport and exchange of inorganic carbon gas with the atmosphere has been linked to
lakes being sinks or sources of CO2 to our atmosphere (Dean and Gorham., 1998; Alin et
al., 2007; Cole et al., 2007), and recent studies have labeled them as hot spots for carbon
processes (Cole et al., 2007; Van de Bogert., 2012). Carbon fluxes are regulated by
allochthonous and autochthonous inputs of organic carbon and the metabolic processes of
the lake (Cole et al., 2007). The rate at which organic carbon is produced (primary
production) or consumed (respiration) in lakes is important due to the regulation of the
dissolved oxygen saturation that can provide essential support for aquatic food webs
(Nurnberg, 1995; Brett et al., 2009).
Primary producers are generally comprised of phytoplankton, periphyton,
cyanobacteria, and submerged macrophytes. This photosynthetic production of organic
carbon in lakes serves as the base of aquatic food webs within the systems, especially,
when accounting for whole-lake production that can support large consumers and high
trophic levels (Stephens and Gillespie, 1976; Vadeboncoeur and Power, 2017).
Historically, primary production has been measured through phytoplankton activity,
disregarding the benthic production through the systems (Downing et al., 1990;
Vadeboncoeur et al., 2002). However, recent studies have shown that benthic production
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coming from periphyton and submerged macrophytes can have high rates of production
in shallow lakes, making the exclusion of these a major gap of knowledge for appropriate
whole-lake production estimates (Vadeboncoeur et al., 2002; Vadeboncoeur et al., 2008;
Vander Zanden et al., 2011; Sierszen et al., 2014; Brothers et al., 2016). However,
measurements of whole-lake metabolism rates are difficult to estimate due to lakes
natural complexity and variability (Van de Bogert., 2012). Consequently, the balance of
lake wide primary production and respiration rates for lakes are poorly understood
(Hammer, 1981).
Saline lakes comprise a large proportion of global lake surface area, representing
approximately 44% of the total volume and 23% of the total surface area of lakes
globally, however, their biogeochemical processes are understudied (Messager et al.,
2016). Saline lakes are terminal basins and thus, are known to have nutrients rich in
organic carbon making them carbon cycling hot spots (Duarte et al., 2008). Furthermore,
saline lakes represent important feeding sites for migratory and local birds (Timms, 2009;
Roberts, 2013). Past studies have found saline lakes to be highly productive systems
(Hammer, 1981). However, saline lakes are experiencing a global desiccation, mostly,
due to water diversions for anthropogenic use (Wurtsbaugh et al., 2017).
Decreasing lake levels in saline lakes increases salinity concentrations, which in
turn affects aquatic food webs, surface area reduction (limiting bird habitat), deteriorating
lake chemistry and collapsing nearby industries dependent on the lakes creating burdens
for local communities (Lètolle et al., 2005; Micklin, 2007; Pekel et al., 2016; Wurtsbaugh
et al., 2017). For example, lake level declines in the Aral Sea in Uzbekistan resulted in an
increase of salinity over ~40 g L-1, destabilizing fishing industries and displacing
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communities (Micklin, 2007). Decreasing surface areas of saline lakes has been linked to
high rates of carbon dioxide (CO2) emissions from dried lake beds (Von Schiller et al.,
2014; Obrador et al., 2018). These CO2 emissions have been considered a “blind spot” in
the global carbon cycle (Marcé et al., 2019), however, there is limited research
quantifying the variability of CO2 production rates in lakebed playas. Lakes can exchange
carbon dioxide as gas to our atmosphere through aquatic respiration processes (Cole et
al., 1994), but little is known about the response of newly exposed lake areas have with
carbon cycling. Recent studies have found that including CO2 emissions from dry beds to
the global water CO2 estimates could increase these by at least 6% (Marcé et al., 2019;
Keller et al., 2020), however, lakebed sediments are highlight variable, and sediment
respiration processes are highly sensitive to environmental variables such as temperature
and sediment moisture content. A potential offset of these carbon cycling processes for
dry beds is the return of vegetation, however, most of these studies have been done on
freshwater lakes and do not account for salinity as a potential negative effect of plant regrowth (Zhao et al., 2011; Keller et al., 2020).
To better understand the fate of carbon in aquatic and sediment metabolism in
saline lakes, my research project examined both dynamics in Great Salt Lake (UT, USA).
Great Salt Lake (GSL) is a highly heterogenous terminal basin lake located in northern
Utah, and the lake is experiencing the global trend of declining water levels (Wurtsbaugh
et al., 2017). Great Salt Lake provides habitat to ~ 10 million birds (Baxter, 2020), as
well as brine shrimp (Artemia Franciscana), brine flies (Ephydra) and microbialites.
Previous studies of primary production in GSL have focused on phytoplankton analyses
(Stephens and Gillespie, 1976), and have mostly been done on the largest bay in the lake
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(Gilbert Bay). However, shallow bays in the lake (Farmington and Bear River Bay) can
potentially represent important roles in whole-lake metabolism. In addition, GSL has
declined substantially in the last decade, exposing ~50% of its lake area to the
atmosphere (Wurtsbaugh et al., 2017), making this a great location to research both
primary production and dry flux emissions.
This research focused on the loss of primary production in GSL influenced by
desiccation and the rates of CO2 production from sediments in dry lakebeds due to lake
desiccation. I estimated aquatic metabolism in GSL, including primary production rates,
respiration rates, and net ecosystem productivity during 2020 and 2021. These were
measured by diel oxygen (O2) curves in different bays at GSL. Additionally, I measured
CO2 fluxes from the dry lakebed of the exposed sediment surface area of the GSL that
has been increasing due to water diversions and climate change by measuring CO2 gas
exchange from sediment surface areas through spring, summer, and fall in 2020 using a
Picarro gas analyzer. I collected terrestrial vegetation across different salinity gradients,
measured the carbon content of vegetation samples, and tested sediments for moisture in
studied locations. The goal of the first chapter of this thesis was to understand 1) what the
rates of aquatic metabolism in GSL are during different lake conditions, 2) how
variability of GSL affects its aquatic metabolism and 3) if GSL is a net heterotrophic or
autotrophic lake. Along with these research questions I hypothesized that 1) GPP, R and
NEP rates would be variable across regions of the lake and 2) that GPP, R and NEP rates
would be influenced by hydrological, seasonal and salinity concentration variability. The
goal of the second chapter of this thesis was to understand 1) what the rates of CO2
production from exposed lakebed sediments of GSL are during the growing season, 2)
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how seasonal variability affects sediment CO2 production rates and 3) how variability in
salinity affect sediment CO2 production GSL exposed lakebed sediment. In this chapter I
hypothesized that 1) CO2 production from dry lake beds will be seasonally variable and
higher during summer months and 2) that the return of terrestrial vegetation to desiccated
sites around GSL will be affected by salinity.
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CHAPTER 2
EFFECTS OF DECREASING LAKE LEVELS ON AQUATIC METABOLISM
IN GREAT SALT LAKE, UTAH, USA

Abstract
Decreasing lake levels, caused by anthropogenic climate change and water
withdrawals, is affecting saline lakes globally. Great Salt Lake (GSL), located in northern
Utah, USA, is experiencing a rapid decline of water levels due to climate variability and
upstream water diversions. Environmental conditions in GSL, including temperatures and
salinity concentrations, are changing in response to declining lake levels. Increasing
temperatures and salinity concentrations within the water column affect aquatic
metabolism and biogeochemical processes that regulate carbon cycling. Shifts in lake
ecosystem productivity can lead to a cascade of potential consequences, including shifts
in aquatic food webs and contributions to atmospheric greenhouse gas concentrations.
Declining lake levels in GSL are increasing salinities, in turn affecting aquatic
food webs, potentially decreasing both planktonic and benthic primary production, which
are the base of production for brine flies and brine shrimp, as well as more diverse
macroinvertebrates and fish communities in the lake’s shallow brackish bays, that fuel
local and migrating birds. This study measured rates of aquatic gross primary production
(GPP), respiration, and net ecosystem productivity in multiple bays of GSL from summer
August to October of 2020 and April to October of 2021. I found whole lake metabolism
in GSL to be 160

86 g-C m-2 d-1 in 2020 and 14

23 g-C m-2 d-1 in 2021. Respiration

exceeded GPP in most areas of the lake in 2020 and 2021, suggesting the lake was net
heterotrophic during the study period.
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Introduction
Lakes are an important component of the global carbon cycle (Cole et al. 2007;
Brothers & Vadeboncoeur 2021). Past studies have shown that organic carbon can be
sequestered in the sediments of lakes at rates comparable to global rates of ocean carbon
sequestration (Mendonca et al., 2017), and that a significant amount of inorganic carbon
is also exchanged with our atmosphere as CO2 (Cole et al. 2007) through aquatic
metabolic processes (Alin et al. 2007). The balance of carbon fluxes in lakes controls
whether a lake system is net autotropic or heterotrophic. Lakes may be net autotrophic, in
which aquatic gross primary production (GPP) is greater than respiration processes,
resulting in a net sink of inorganic carbon from the atmosphere (as CO2) which is stored
as organic carbon in the sediments (Pace and Prairie, 2005). Many lakes are net
heterotrophic, indicating respiration exceeds GPP, resulting in a net production of CO2.
However, CO2 loss to the atmosphere does not necessarily indicate that heterotrophic
lakes host zero carbon storage as lakes accumulate organic carbon in sediments.
Heterotrophic lakes may simultaneously be sources of atmospheric carbon and sinks of
terrestrial organic carbon. Carbon supporting respiration processes in lakes is both
autochthonous carbon, produced through lake primary production as well as
allochthonous carbon from watershed sources (Pace and Prairie, 2005). Whether a lake is
net autotrophic or net heterotrophic is controlled by a range of processes, including the
loading of terrestrial (allochthonous) organic carbon into lakes (Cole et al., 2007), as well
as the aquatic metabolic rates of lakes (primary production and community respiration,
del Giorgio et al., 1999; Staehr et al., 2012).
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Primary production (the photosynthetic production of organic carbon) in lakes can
be carried out by a range of organisms, including algae (phytoplankton, suspended in the
water column, or periphyton, attached to submerged surfaces), cyanobacteria, and/or
submerged macrophytes. Primary production processes are regulated by environmental
conditions that affect growth rates and the provisioning of resources to these organisms
that supporting metabolic processes. The drawdown of lake levels increases salinity
(Beutel et al., 2001), which can in turn impact aquatic organisms such as brine shrimp
and algae, resulting in potential top-down (predation) and bottom-up (algal production)
controls of primary production across various salinity gradients (Wurtsbaugh and Berry,
1990; Dockery et al., 2000; Belovsky et al., 2011; Lindsay et al., 2017). Specifically,
Barnes and Wurtsbaugh (2015) found that healthy pelagic communities (primarily brine
shrimp) could persist at salinities of up to 150 g L–1, beyond which trade-offs were
apparent between benthic and pelagic grazers and primary producers, indicating that an
understanding of the effects of lake level decreases on primary production requires an
accounting for all primary producers in a given system (including periphyton and
submerged macrophytes) for better understanding on how this can affect aquatic food
webs and net CO2 release to the atmosphere ( Balmer and Downing, 2011).
Primary production rates in lakes can be difficult to quantify as lakes tend to
feature high spatial variability (Van de Bogert et al., 2012), and individual methods of
measurement can lead to high degrees of uncertainty (Staehr et al. 2012; Brothers and
Vadeboncoeur, 2021). In addition to these general challenges, saline lakes are unique in
that they are frequently remote and difficult to access, generally feature highly variable
bathymetry and hydrology, and often show patterns of declining water levels
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(Wurtsbaugh et al., 2017). For this reason, primary production rates in saline lakes are
largely under-studied.
Saline lakes have been linked to high primary production (Hammer, 1981) due to
their terminal nature and high concentrations of nutrients fueling organism activity
(Anderson and Stedmon, 2007; Duarte et al., 2008). Early studies have indicated that
saline lakes may feature relatively high rates of primary production (annual rate of 2,601
g C m-2 in Lake Mariut, Egypt; Hammer 1981) compared to freshwater lakes (1.1-1.6 g C
m-2 d-1). However, more recent work suggests that saline lakes may typically be
supersaturated with carbon dioxide (CO2) (Duarte et al., 2008), which is a condition that
is often associated with unproductive (oligotrophic) aquatic systems (del Giorgio et al.,
1999; Trolle et al., 2012). Despite the important role of lakes in the global carbon cycle,
little is known about the carbon fluxes and dynamics of saline lakes, even though they
comprise 23% of the earth’s total lake area (Messager et al. 2016, Wurtsbaugh et al.
2019). To better understand both food web drivers and carbon flux dynamics of saline
lakes, more detailed assessments are needed in these systems.
To better understand primary production in saline lakes, this research examines
aquatic metabolic processes in Great Salt Lake (UT, USA). The objective of this research
was to provide comprehensive measurements of gross primary productivity (GPP),
respiration (R), and net ecosystem productivity (NEP) in GSL. I hypothesize that (1)
GPP, R, and NEP processes will be variable across regions of the lake and through time
due to environmental and hydrological heterogeneity and (2) GPP, R, and NEP will be
regulated by variability in salinity concentrations across the lake.
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Methods
Study Area
Great Salt Lake is the largest saline lake in the western hemisphere and the fourth
largest terminal lake in the world with a surface area of approximately 4,500 km2 (Baxter
2018; Wurtsbaugh et al. 2017). Although water levels in GSL are historically highly
variable and sensitive to local climate, upstream consumptive anthropogenic water uses
and diversions have forced GSL water levels to decline dramatically in recent decades
(Wurstbaugh et al. 2017; Baxter 2018). GSL is shallow (Zmean = 4 m, Zmax = 10 m) with
highly heterogeneous bathymetry, hydrology, watershed inputs, and water quality. Great
Salt Lake features four distinct regions of the lake: Gunnison Bay (north arm), Gilbert
Bay (south arm), Farmington Bay, and Bear River Bay (Fig. 2.1). Gunnison Bay and
Gilbert Bay together represent the majority (99.7%) of GSL’s surface area and are
separated from one another by a railroad causeway that was built in the early 20th
Century. While Gilbert Bay (representing 46.5% the total lake area) is saline (120–280 g
L-1, Baxter, 2020), Gunnison Bay (representing 35% of the total lake area) receives no
reliable freshwater river inputs, resulting in hyper-saline conditions (~33 %). Bear River
Bay (12% of the total lake area) and Farmington Bay (8% of the total lake area) are
shallow bays connected to the inflows of the Bear River and Jordan River, respectively,
and thus feature a broad range of salinity. Although both bays are considered particularly
important as migratory bird habitat, Farmington Bay is generally more exposed and
hyper-eutrophic due to an intensive urban catchment and inputs from waste water from
treatment plants, while Bear River Bay features a more complex system of managed
wetlands.
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Great Salt Lake’s high salinities prevent most fish from surviving in the lake.
However, the lake is home to brine shrimp (Artemia Franciscana, which feed on
phytoplankton), brine flies (Ephydra), an aquatic insect (Trichocorixa verticalis) and
multiple species of birds (Baxter, 2020: Wurtsbaugh et al., 2009). Microbialite colonies,
dominated by diatoms and cyanobacteria (Baxter, 2018 & 2020; Barnes and Wurtsbauhg,
2015), comprise ~20% of the lake’s benthic area, and are important contributors to the
lake’s production by fueling secondary consumers (Baxter, 2020).

Field Methods
To capture the range of conditions in GSL, sample locations were selected in all
four major lake basins. This included three sites along salinity gradients in each of Bear
River Bay and Farmington Bay, one off-shore Gunnison Bay (near the railroad causeway
for site access), and three sites in Gilbert Bay (two off-shore, one nearshore in a
microbialite zone) (Fig. 2.1). To capture the seasonal variability of primary production in
the lake, field campaigns were carried out every four to six weeks, weather permitting,
from August to October in 2020 and April to July in 2021. Due to challenges in site
access in the lake, retrieval of off-shore Gilbert Bay data occurred less-frequently (the
two off-shore sites were retrieved only at the end of the sampling event in October, and
the microbialite location was retrieved every two weeks as the other locations).
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Figure 2.1.
Great Salt Lake Map with Sampling Sites for Primary Production.

Data loggers (miniDOT, Precision Measurements Engineering) were deployed to
record continuous measurements of dissolved oxygen (DO) and temperature. Data
loggers were deployed at each sampling location at the start of each sample period
(August 2020 and April 2021) and were secured to cinderblocks to ensure consistent
depth above the sediment surface. Due to greater depths in Gunnison Bay, logger
positioning was located at 1m below the surface. All sites were sampled in the same
week, depending on weather. Loggers were removed from the lake during winter months
due to extreme waves and weather conditions during those periods which made
deployment unfeasible. During 2021, data loggers were retrieved early in Farmington
Bay and Bear River sites because of extreme lake level decreases that led to exposure of
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the data loggers at these locations. Due to challenges associated with collaborating
agencies and site permissions, some sites were not measured both years.

Table 2.1.
Study Site Information with Mean Depth per Site and per Year.
Site

GPS Location
41 ° 24.134 112° 07.589
41° 23.267 112° 10.344
41 ° 16.319 112° 21.264
41 ° 56.220 112° 05.774
41 ° 00.181 112° 08.564
41 ° 03.469 112° 12.632
41 ° 13.405 112° 36.736
41 ° 13.322 112° 50.955
40° 53.941 112° 20.944
40° 46.116 112° 19.633

Mean Depth
2020 (m)
0.52
0.24
0.65
0.28
0.15
0.71
5.05
0.40
7.49
N/A

Mean Depth
2021 (m)
0.39
0.18
0.22
0.37
0.24
dry
1.49
0.41
N/A
4.80

Deployment
Period 2020
Aug-Oct
Aug-Oct
Aug-Oct
Aug-Oct
Aug-Oct
Aug-Oct
Aug-Oct
Aug-Oct
Aug-Oct
Aug-Oct

Deployment
Period 2021
April-July
April-July
April-Sept
April-July
April-July
April-July
April-Oct
April-July
N/A
April-Oct

BRB1
BRB2
BRB3
FB1
FB2
FB3
GUB
MIC
Gil 1
Gil 2
Gil 3

40° 49.113 112° 14.216

N/A

7.04

Aug-Oct

April-Oct

Dissolved oxygen and water temperature were recorded at ten-minute intervals
and were used to calculate aquatic metabolism rates (GPP, R, and NEP) using the diel
oxygen (O2) curve method, in which changes in oxygen concentration are used to
calculate metabolic rates (Staehr et al., 2010). Although the diel O2 curve method
theoretically integrates all local primary producers, it can frequently under-represent
benthic-littoral primary production in lakes (Brothers et al., 2017).
During each field campaign, measurements were made along the depth profile of
the water column to determine water chemistry and light penetration. Ph, conductivity,
dissolved oxygen, and water temperature were collected using a multiparameter sonde
(Yellow Springs Instruments), and Secchi depths were measured with a Secchi disk. YSI
measurements of DO and temperature were checked at each site during each season and
sampling day to ensure mixing. Oxygen measurements measured with the YSI showed
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similar concentrations from the water surface to lake bottom, confirming the lake was
mixing to the bottom. Light attenuation profiles (measuring photosynthetically-active
radiation, PAR; LICOR Instruments) were measured at sites that were deep enough to
allow it (i.e., > 50 cm deep). Sub-surface water samples were collected in 1 L plastic
bottles and stored in dark coolers with ice packs for analysis of chlorophyll-a in the
laboratory. During the second year of sampling, due to record low water levels in GSL,
water samples collected were ~30 to 50 ml depending on site. Water samples for BRB2
were not possible because it was completely dry.
Sediment cores were collected from Bear River Bay and Farmington Bay sites
(specifically from sites BRB1, BRB2, FB1 and FFB2) in clear PVC tubes (diameter = 5
cm, depth = 15 cm), as periphyton production at the sediment surface was expected to be
particularly high in these shallow bays. These cores were carefully collected by hand to
minimize physical disturbance of the sediment surface communities and were capped
with butyl stoppers to prevent spilling and transported carefully to where they were
stored at room temperature (approximating concurrent in-situ lake temperature at these
sites) until analysis. These sediment cores were used for light/dark experiments to assess
rates of periphyton primary production (see “Laboratory Analyses” section for details).
Submerged macrophytes were also considered to possibly play an important role
as primary producers in Farmington Bay and Bear River Bay. To assess their primary
production, a 1 m2 floating grid was randomly thrown at each site in these bays in August
during peak growth for production for 2020 and 2021. All submerged vegetation growing
within that square was manually removed, placed into paper bags, and stored in a dark
cooler and transported to a laboratory refrigerator at USU. This vegetation was weighed
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(wet) and subsequently dried until constant weight was achieved in an oven at 60°C,
when it was re-weighed to determine dry weight. The organic carbon content of these
vegetation samples was measured by the USU Geology Department laboratories to
estimate the total net biomass production from submerged vegetation at each location.
Laboratory Analyses
To estimate phytoplankton primary production rates, I measured phytoplankton
chlorophyll-a (chl-a) concentrations using a 10AU fluorometer (Turner) following
standard protocols (Pilati and Wurtsbaugh, 2003). Briefly, water samples were filtered
with 0.45 μm filters immediately upon returning to the laboratory from the field. Filters
were either analyzed for chl-a within 24 hours of collection, or frozen for up to two
weeks before being analyzed, by extraction into 95% ethanol. Phytoplankton primary
production was estimated by using the equation PPpl = 10.3*Chl-a (del Giorgio and
Peters, 1993).
Periphyton primary production was assessed in sediment cores using light-dark
experiments to determine the relationship between primary production of benthic
periphyton to changing light intensity. To ensure that only periphyton primary production
was measured in light-exposed sediment cores, water columns contained in the core were
carefully drained, filtered (at 0.45 μm), and replaced, minimizing physical disturbance to
the surface sediment community. I used a YSI sonde to measure dissolved oxygen (DO in
mg L-1) data from the cores. I created different light intensity environments ranging from
0 to ~1170 lux. Samples started in dark environment, allowing them to rest at zero light
for two days. After the two days I increased light supply to high intensity, measuring
every start and ending of DO values every ten minutes for an hour. Light supply would
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then be set to zero lux, after which I would measure DO again every ten minutes for an
hour and light supply would be gradually increased again. Every increase of light
intensity was lower than the first high light intensity value (as measured in lux).
Dissolved oxygen concentrations (representing production) were plotted against lux
values (representing irradiance) to generate photosynthesis-irradiance (PI) curves. When
phytoplankton are removed from the water column via filtration, PI curves represent the
contribution of the periphyton population to community production rates.

Data Analysis
Water temperature, date, dissolved oxygen concentations, and oxygen saturation
(%, dissolved oxygen in equilibrium with the atmosphere) from miniDOT loggers were
concatenated with barometric pressure and corresponding salinity of each site. Loggers
recorded data every 10 minutes during deployment periods, which I used to calculate
aquatic metabolism rates (GPP, R, NEP) using the diel oxygen curves technique (Staehr
et al., 2010). This method calculates metabolic rates from changes in dissolved oxygen
within the lake and pairs them with water temperature, salinity, wind speed, and mixing
depth (Staehr et al., 2010). I calculated mixing depth (z.mix) and acquired wind speed
data through the Mesowest weather data recording in Utah (https://mesowest.utah.edu/).
Measurements for wind speed were not always measured at the exact time as miniDot
data as logged, so the closest timeframe for wind speed measurements to miniDot data
were chosen for each site. Likewise, closest measuring device to each site was carefully
chosen through the Mesowest website map (typically ~ 16-20 km from site).
Rates of GPP, NEP, R were calculated using the LakeMetabolizer program in R
(RStudio version 4.1.2). This program calculates GPP, R and NEP rates based on
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measured dissolved oxygen, water temperature, and wind speed data (Winslow et al.
2016). To calculate GPP, R and NEP I used the package’s bookkepping method, an
algebra-based model to calculate aquatic metabolism rates. The equation used to calculate
lake metabolism is NEP = GPP-R, in which NEP is derived from the rate of daytime
dissolved oxygen change and gas exchange. This was calculated using the following
equations outlined in Winslow et al. (2016). The bookkeeping method attributes changes
in DO between consecutive observations (time elapsed = Δt) to NEPt and discrete gas
exchange:
∆DO = NEPt-1 × ∆t + Ft-1 (1)
Gas exchange F (as O2; mg L−1 = g m−3) over a discrete period is calculated as:
Ft = kt × ∆t / zt × (Os,t – DOt) (2)
Where k (m t-1) is the coefficient of gas exchange, z is the depth of the surface mixed
layer (m), and Os is the saturated oxygen concentration, calculated from salinity,
temperature, and atmospheric pressure. NEPt is the balance between gross primary
production (GPPt) and respiration (Rt) occurring at time t:

NEPt = GPPt + Rt (3)

R is derived from the rate of DO change at night, and GPP is inferred from NEP and R
values. All variables are reported as mg-O2 L-1 d-1, with positive values indicating oxygen
production and negative values indicating oxygen consumption. This modeling program
was chosen due to its extensive use within the lake research community to calculate lake
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metabolism (Winslow et al. 2016; Bogard et al., 2019; Knoll et al., 2016). Negative GPP
values and positive R values were removed for better result accuracy as negative GPP
and positive R values represent impossible metabolism rates that could be due to
improper mixing conditions, which can be common in shallow lakes or sheltered sites
where wind mixing is low, at specific sites that get recorded (Brothers et al., 2017;
Winslow et al., 2016). If removed values represented a period of time less than 7 days,
values were interpolated linearly between the observations prior to and following the
removed values. For GPP values, 118 negative values were removed and replaced by
interpolated values, and 15 positive values of R were removed and replaced by
interpolated values. During the second year of sampling, GSL went through a severe
drought, and water levels declined to such a degree that some stations became dry or
hypersaline (resulting in thick salt crusts on loggers), and sample collection was not
possible. As a result, Gunnison Bay and Microbialite sites did not yield data during 2021.
Rates of GPP, R, and NEP were converted from mass O2 produced per volume to
daily mass of C produced per unit surface area using the mass balance equations for
photosynthesis (6CO2 + 6H2O → C6H12O6 + 6O2) and respiration (C6H12O6 + 6O2 →
6CO2 + 6H2O), and total site depth was used to convert from volume-based rates to an
areal-basis:
𝑚𝑔−𝑂2
𝐿 × 𝑑𝑎𝑦

×

𝑔
1000 𝑚𝑔

×

𝑚𝑜𝑙−𝑂2
32 𝑔−𝑂2

×

1000 𝐿
𝑚3

×

6 𝑚𝑜𝑙−𝐶
6 𝑚𝑜𝑙−𝑂2

𝑚𝑔−𝑂

resulting in a simplified conversion unit: 𝐿 × 𝑑𝑎𝑦2 ×

×

12 𝑔−𝐶
𝑚𝑜𝑙−𝐶

× 𝑠𝑖𝑡𝑒 𝑑𝑒𝑝𝑡ℎ (𝑚),

𝑠𝑖𝑡𝑒 𝑑𝑒𝑝𝑡ℎ (𝑚)
2.67

.

Gross primary productivity and r yields production of carbon; GPP produces
organic carbon (as C6H12O6), and R produces inorganic carbon (as CO2). Net ecosystem
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productivity indicates whether the study system is net autotrophic (net production of
organic carbon) or net heterotrophic (net production of inorganic carbon). For clarity,
NEP values reported as positive will indicated net autotrophy (and thus, net production of
organic carbon), and NEP values reported as negative will indicate net heterotrophy (and
thus, absolute values of NEP will indicate net production of CO2). To calculate wholelake metabolism, I calculated the weighted-mean GPP rates based on each bays water
levels (m), secchi depths (m) and elevation (m), surface area (ac). I calculated the percent
surface area of each bay to understand how much production is in a specific percentage
of the lake to identify hotspots of production in GSL.
Statistical analyses were carried out using R (version 4.1.2). Data were
determined to not meet the assumptions of parametric statistical methods; therefore,
nonparametric statistics were used for statistical analyses. To determine differences
among GPP, R, and NEP, a Mann-Whitney U test was performed to determine annual
differences between years, Kruskal-Wallis tests were performed to determine mean
differences among sites followed by Dunn’s post hoc tests. Significance was determined
at  = 0.05 for all tests.

Results and Discussion
Diel Oxygen Method
Daily rates of GPP, R, and NEP were measured in five distinct regions of GSL
during the months of August through October in 2020 and 2021, including Bear River
Bay, Farmington Bay, Gilbert Bay, Gunnison Bay, and a site dominated by benthic
microbialites. Daily mean GPP and R were consistently highest in Gilbert Bay, followed
by the region of the lake dominated by Microbialites which is located in Gilbert Bay(Fig
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2.2. A-B). Gilbert Bay comprises over 60% of the lake surface area, and coupled with the
highest rates of GPP and R, a majority of the overall productivity in the lake occurred
within this region of the lake. Gunnison Bay comprises the second largest area of the lake
but was among the bays with the lowest daily rates of GPP and R based on the
calculations using the diel oxygen method (along with Bear River Bay and Farmington
Bay). Across all regions of the lake, GSL maintained net heterotrophic conditions
throughout the sampling period in 2020. Bear River Bay was the only region in which
daily NEP showed occasional net autotrophic conditions, occurring 5% of the 2020
sample period. Gilbert Bay showed the highest net CO2 production by nearly an order of
magnitude (Fig. 2.2C). The highest values of GPP, R, and NEP were observed on 8 Sept
2020 across all bays. This high productivity event corresponded with a high wind event,
punctuated by wind speeds between 6-50 miles/hr with gusts up to 65 miles/hr. A high
wind event is expected to induce rapid mixing of the lake, and while GSL is not stratified,
a mixing event likely stimulated microbial and planktonic activity, thereby increasing
GPP, R, and NEP lake wide.
Daily mean rates of GPP, R, and NEP were more similar across all bays during
2021. Microbialite sites appeared to peak in productivity late June through July, but other
sites did not show a similar increase during this period (Fig. 2.3A-C). Overall,
comparisons among all sites during the April-October sampling period in 2021 is difficult
due to site desiccation and logger malfunction as a result of very high salinity values in
Gunnison Bay and Microbialites sites. Only Bear River Bay recorded consistently
throughout the entire sampling period in 2021, and GPP, R, and NEP rates show a sharp
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decline mid-July, decreasing 1-2 orders of magnitude through the remainder of the
growing season.

Figure 2.2.
Daily Rates of A) Gross Primary Production, B) Respiration, and C) Net Ecosystem
Productivity Rates in the Great Salt Lake During August-October 2020.
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Figure 2.3.
Daily Rates of A) Gross Primary Production, B) Respiration, and C) Net Ecosystem
Productivity Rates in the Great Salt Lake During April-October 2021.

Due to equipment malfunction, hazardous sampling conditions, and early
deployment Due to severe lake drought, many instrumented sites went dry or had
equipment malfunctions, leading to early termination of oxygen measurements. As a
result, an interannual comparison of whole-lake productivity was only possible for the
late growing season period during August-October in 2020 and 2021 in Bear River Bay,
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Farmington Bay, and Gilbert Bay. During these months, concurrent GPP data was
calculated for all bays by the diel O2 curve approach in both sampling years, permitting
the calculation of a weighted mean value for the full lake. Aggregating yearly data from
all calculated diel O2 curves measured in Bear River Bay, Farmington Bay, and Gilbert
Bay, volumetric oxygen production values were converted to areal rates based on brine
layer depth. GSL was found to have a whole-lake GPP rate of 160 ± 86 g C m-2 d-1 during
the late growing season (August-October) in 2020 (168 ± 90 g C m-2 d-1 with Gunnison
Bay and Microbialites sites included). During the same period of the late growing season
(August-October) of 2021, the whole-lake GPP rate was significantly lower than in 2020,
with a mean GPP rate of 14 ± 23 g C m-2 d-1 with a 91% total decrease (Fig. 2.4A; MannWhitney U test, p<0.05).
Similarly, GSL was found to have a whole-lake R rate of 299 ± 151 g C m-2 d-1
during the late growing season (August-October) in 2020 (312 ± 162 g C m-2 d-1 with
Gunnison Bay and Microbialites sites included). During the same period of the late
growing season (August-October) of 2021, whole-lake R rate was significantly lower
than in 2020, with a mean R rate of 33 ± 43 g C m-2 d-1 with a total decrease of 89% (Fig.
2.4B; Mann-Whitney U test, p<0.05). Due to the high proportion of R relative to GPP,
GSL was net heterotrophic during 2020 and 2021, but NEP rates shifted from strongly
heterotrophic with high rates of net CO2 production (-283 ± 155 g C m-2 d-1) in 2020 to
significantly lower rates of net CO2 production (-33 ± 155 g C m-2 d-1) in 2021 with a
total decrease of 86% (Fig. 2.4C; Mann-Whitney U test, p<0.05). It is important to note
that this reported reduction in CO2 production only represents the production resulting
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from water column processes and does not represent how CO2 production is affected by
lakebed sediment exposure and desiccation.

Figure 2.4.
Whole-lake Weighted Mean of A) Gross Primary Production Rates (as Organic C), B)
Respiration Rates (as Inorganic C), and C) NEP Rates for 2020 and 2021 During August
to October (Mann-Whitney U test, p<0.05).
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A comparison of mean GPP rates within each GSL bay revealed that GPP was
highest and had the highest variability in Gilbert Bay during the 2020 sampling periods,
with mean rates 6.5-9.5 times higher than Farmington Bay and Bear River Bay,
respectively, in 2020, and 36 times higher than both bays in 2021, although differences
among bays were not significant during 2021 due to high variability (Fig. 2.5A; KruskalWallis, p<0.05). A significant decrease in GPP rates occurred in Bear River Bay,
Farmington Bay, and Gilbert Bay during the late growing season from 2020 to 2021, with
rates declining 85-100% across the 3 bays (Fig. 2.5A; Kruskal-Wallis, p<0.05). Rate
reduction of 100% is indicative of complete water drawdown at Farmington Bay, in
which no water column production or respiration could be observed. Mean R rates
followed identical patterns as GPP, with the highest R rates occurring in Gilbert Bay in
2020 and significant decreases in R across years within each bay (Fig. 2.5B; KruskalWallis, p<0.05). NEP reflected net heterotrophic conditions in all bays during the AugustOctober period during 2020 and 2021 but the net production of CO2 decreased
significantly across all bays in 2021 (Fig. 2.5C; Kruskal-Wallis, p<0.05). An annual
comparison of Gunnison Bay and the Microbialites site via the diel O2 curve method was
not possible due to hyper-saline conditions in 2021 that led to rapid salt precipitation on
data logger membranes, inhibiting long-term measurements of dissolved oxygen.
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Figure 2.5.
Annual Mean A) Gross Primary Production Rates (as Organic C), B) Respiration Rates
(as Organic C), and C) Net Ecosystem Production Rates During August- October 2020
and 2021 in Bear River Bay, Farmington Bay, and Gilbert Bay. Differences in letters
Above Boxes Denote Significant Differences among Means (Kruskal-Wallis with Dunn’s
post hoc test, p<0.05).
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The decrease in GPP rates may be driven by increased salinity concentrations
resulting from decreased lake levels and extreme drought conditions in GSL during 2021.
Due to the drought and lake drawdown by water diversions for human consumption, most
sampling locations had lower water levels in 2021 than in 2020, leading to little to no
aquatic vegetation or metabolic production. This is likely a consequence of decreasing
water levels shortening the water column in 2021, in turn lowering water volume and
consequently reducing productivity. The only site left at Bear River Bay during this
drought (BRB3) decreased from an annual mean GPP rate of over 19 g C m-2 d-1 to ~ 7 g
C m-2 d-1. Considering that this site was still flooded, the decrease in production rate
could potentially be linked to salinity in addition to more shallow conditions in the bay.
Annual mean salinity for the shallow bays (Bear River Bay and Farmington Bay)
increased and salinity for pelagic measurements decreased (Gilbert and Gunnison Bay)
(Table 2.2). Salinity in Bear River Bay increased from a maximum measurement of 74
ppt to 122 ppt, above the typical observed salinity range of 0-90 g L-1 (Barnes and
Wurtsbaugh, 2015). However, since some sites show increase in salinity but not all, this
could be an important note that salinity is not the is not the only driver influencing GPP,
R, and NEP rates.
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Table 2.2.
Mean Salinity, Total Dissolved Solids, and Chlorophyll-a Measurements from Great Salt
Lake Bays During Monthly Sampling Campaigns in 2020 and 2021.
2020

Salinity
(‰)

Bear River Bay

Aug Sep

Oct

Apr

May Jun

42.4 3.8

3.4

1.6

3.1

6

14.6 3.9

Farmington Bay 35.2 8.8
Gilbert Bay

Total Dissolved Solids
(g L-1)

2021

160.1

Oct

36.6 70.7 122.1
5

3.8

Gunnison Bay

241.7 237.3 232.4 205.5 157

Microbialites

150.5 208.9 226.7 180.1 162.2 142.5 128.6

Bear River Bay

15.1 54.3 4

Farmington Bay 27.6 9.1

Sep

113.7

6.6

Gilbert Bay

Chlorophyll-a
(mg L-1)

Jul

1.9

159.3 161.2

71.2 30

15.2 4.6

5.7

149.8

85.8 100.8
4.5

121.1

Gunnison Bay

328.4 161.1

147.7 120.3 121.4 122.5

Microbialites

0.1

Bear River Bay

0.03 0.31 0.22 4.54 0.49 0.2

117.3

147.4 154.4 134.2 123.3 111.7 103.4

Farmington Bay 0.04 0.17 0.9

0.14

5.69 0.33 1.46 1.37

Gilbert Bay

0.01 0.06 0.05

Gunnison Bay

0.01 0.02 0.07 0.69 0.04 0.02 0.01 0.01 0.01

Microbialites

0.002 0.02 0.07 0.13 0.02 0.03 0.04
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CHAPTER 3
EFFECTS OF PLAYA DESSICATION ON CARBON DIOXIDE EMISSIONS (CO2)
FROM THE GREAT SALT LAKE, UTAH, USA

Abstract
Water levels are rapidly decreasing in saline lakes around the world, exposing
lake beds to the atmosphere. Newly exposed lake beds can result in dust storms,
respiratory diseases, air quality deteriorating, and elevated carbon dioxide (CO2)
emissions to the atmosphere. Although the occurrence of elevated CO2 emissions has
been measured in exposed lake and river sediments around the world, many of which
feature regular cyclical wet and dry periods, the rates of CO2 flux are less studied in
continually exposed lakebeds of saline lakes, or considered in the context of their
significance as anthropogenic greenhouse gas emissions. I measured CO2 emissions from
the dry beds of Great Salt Lake (GSL, UT, USA) with a portable gas analyzer for seven
months in 2020. I also sampled environmental conditions and sediments from these sites
to determine drivers of fluctuations in emissions over the course of the year. These data
indicated that GSL dry bed CO2 emissions are highly variable, ranging from -51 mmol m2

d-1 to 1444 mmol m-2 d-1 with a mean CO2 flux of 102.9 mmol C m-2 d-1 in GSL

sediments along the southeast shore during the study period of. Rates were correlated
with sediment moisture content and temperature. Anthropogenic desiccation of saline
lakes thus constitutes not only a driver of deteriorating environmental conditions
affecting humans and natural communities but may contribute a novel source of
greenhouse gases to the atmosphere.
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Introduction
Lakes are important to the global carbon cycle because they store, transport and
exchange carbon in and through their systems (Cole et al., 2007; Tranvik et al., 2009).
Lakes can sequester large quantities of carbon in their sediments, with some estimates
indicating that lakes globally store carbon at similar rates to oceans, due largely to
terrestrial (allochthonous) inputs of organic and inorganic carbon (Tranvik et al., 2009,
Mendonca et al., 2017). These allochthonous inputs to lakes also result in typically high
CO2 concentrations in lake waters, and subsequent emissions to the atmosphere (Cole et
al., 1994; Raymond et al., 2013). These emissions are thus considered important to the
natural regulation of CO2 concentrations in the Earth’s atmosphere (Tranvik et al., 2009).
However, carbon cycling in lakes, including CO2 emissions from lakes to the atmosphere,
are also sensitive to physical changes to lakes, including the effects of climate warming
(Yvon-Durocher et al., 2010; Brothers et al., 2021).
One widespread way that many lakes are changing around the world is through
lake level drawdown and desiccation of exposed sediments in lake playas. Whether
through Arctic ponds disappearing from longer ice-free periods (Smol and Douglas,
2007) or saline lake levels decreasing due to anthropogenic consumptive water uses
(Wurtsbaugh et al., 2017), it is estimated that permanent surface waters around the world
declined by ~90,000 km2 from 1984 to 2015 (Pekel et al., 2016). Recent studies have
indicated that seasonal and intermittent drying likely naturally exposes 18% of the global
lake surface area’s sediments to the atmosphere, which itself can contribute to increases
in global estimates of lake CO2 emissions to the atmosphere (von Schiller et al., 2014;
Marcé et al., 2019; Keller et al., 2020). This is because CO2 emissions from exposed, dry

31
lake beds may be greater than aquatic emissions recorded from the surface of lakes, but
this relationship is highly dependent on lake trophic states and environmental conditions
within exposed sediments (Catalan et al., 2014; Gomez-Gener et al., 2016; Keller et al.,
2020). Such fluxes of CO2 from playas share common drivers – particularly sediment
moisture, temperature, and sediment organic carbon content – in lakes and streams
around the world (Keller et al., 2020), indicating that seasonal variability could be high in
chronically-desiccated systems, such as many saline lakes (Wurtsbaugh et al., 2017).
Although saline lakes represent 44% of the volume and 23% of the surface area of
all lakes on earth (Messager et al., 2016), carbon cycling characteristics of saline lakes
are under-studied relative to freshwater lakes. They are, however, expected to play a role
in global carbon cycling through regulating CO2 emissions to the atmosphere (Duarte et
al., 2008). As a result, quantifying CO2 fluxes from exposed sediments of saline lakes is
important for understanding how carbon budgets may be affected by rapid declines in
water levels (Wurtsbaugh et al., 2017). Although the environmental and human
devastation resulting from saline lake desiccation has been well-recognized for systems
such as the Aral Sea (Kazakhstan/Uzbekistan) (Micklin, 2007) and Lake Urmia (Iran)
(Schmidt et al., 2020; Schmidt et al,. 2021), there is not yet a firm understanding of
carbon processing in the exposed sediments of anthropogenically-desiccated saline lakes.
Saline lakes are chronically desiccated (in other words, CO2 production in dry sediments
persist throughout the year), and exposed sediments from desiccated saline lakes may
feature low rates of returning terrestrial plants, which respond negatively to salinity
(Zhao et al., 2011).
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To examine whether an anthropogenically-desiccated saline lake results in
elevated CO2 emissions in exposed sediments, I studied Great Salt Lake (GSL) which is a
terminal saline lake that has historically low water levels resulting in large areas of
exposed lake bed (Wurtsbaugh et al., 2017). As sediment temperature and moisture are
important drivers of dry bed CO2 fluxes (Keller et al., 2020), I hypothesized that CO2
production from dry lakebed sediments in GSL would be seasonally variable, and highest
during summer months. Prior studies have not identified sediment salinity as an
important driver of CO2 production in exposed lakebed sediments (Keller et al., 2020),
yet salinity may impede returning terrestrial vegetation (Zhao et al., 2011) as salty
desiccated lakebeds can be harsh environments for many plants to grow and survive.
Thus, I further hypothesized that the return of terrestrial vegetation to desiccated sites
around GSL would be affected by salinity.

Methods
Study Site
Great Salt Lake is the largest saline lake in the western hemisphere (surface area =
~4,500 km2) (Baxter 2018). GSL is shallow (Zmean = 4 m, Zmax = 10 m) and highly
heterogeneous, featuring four distinct sections; a hypersaline north arm (Gunnison Bay),
the main saline body of the lake (Gilbert Bay), and two shallow brackish bays near
freshwater inflows (Bear River Bay and Farmington Bay). The lake features naturally
variable water levels that are highly sensitive to local climate. This has led to some
suggestions that climate change has played a role in declining lake levels (Meng, 2019),
though detailed analyses have determined that consumptive anthropogenic water uses
within the GSL watershed have overwhelmingly driven this downward trend in lake
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levels (Wurtsbaugh et al. 2017; Wine et al., 2019). The natural elevation of the lake
surface was 1278.1 m above sea level, corresponding to roughly 2,500 km2 of exposed
lakebed at that time.

Seasonal Dry Lakebed CO2 Production Measurements
To assess seasonal shifts in CO2 production in GSL playas, I measured the flux of
CO2 from exposed lakebed sites and adjacent natural terrestrial areas every two weeks
(weather permitting) from April to November 2020 (Fig. 3.1). These measurements were
collected at the same location at the southern end of the GSL, adjacent to the main body
of the lake (Gilbert Bay). At this location, along a transect of approximately 400 m,
sediment CO2 fluxes were measured at nine different sites, including three sites that were
historical shoreline (never inundated) and six dry lakebed sites (historically inundated
and newly exposed), to capture local variability in sediment conditions. At each of these
nine sites, triplicate measurements were taken within an area of ~3 m2. An opaque
chamber was placed on the sediment surface, ensuring that the edges of the chamber were
flush with sediments and a seal was created (when necessary, chambers were sealed to
the sediment surface using inert clay bands). The rate of CO2 accumulation within the
sealed chambers was measured for five-minute intervals (following standard procedures
for lake dry flux measurements; Keller et al., 2020). The flux chamber was connected by
plastic tubing to a portable greenhouse gas analyzer (Picarro Portable GasScouter G4301)
that measured CO2 concentrations in the closed chamber at 1-second intervals. Additional
environmental parameters were measured at each site, including air temperature, altitude,
air pressure, soil temperature, and wind speed (all measured with a Kestrel device), as
well as a visual assessment of cloud cover and Global Positioning System (GPS)
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Figure 3.1.
Sampling Locations at the Great Salt Lake for Dry Sediment Carbon Dioxide
Measurements.

coordinates. GPS coordinates were used to ensure that the same specific site was visited
during each campaign.
Sediment temperature was measured with a thermometer and recorded at the time
of each measurement, and sediment samples were taken at each site after flux
measurements to determine sediment characteristics (described below). Sediment
samples were stored in sterile pre-labeled plastic bags (Whirl-Pak) and transported in a
dark cooler with ice packs to Utah State University (USU), where they were stored in a
refrigerator until analyses were carried out (typically within 24 hours of sample
collection). Collected sediment samples were analyzed for moisture, organic matter
content, texture, pH, and conductivity. Sediment moisture was determined as the mass
loss of 5 g of sediment dried at 105°C for 24 hours. Loss on ignition was used to
determine sediment organic matter content, and sediments were ashed in a muffle furnace
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for four hours at 500°C ( Heiri et al., 2001). Finally, pH and conductivity were measured
by mixing 30 g of fresh sediment with 75 mL of distilled water, stirring for 1 minute,
letting stand for 1 hour, stirring again, and measuring with a standard electrode probe
(Yellow Springs Instruments, OH).

Salinity/Vegetation Dry Flux Campaign
The return of terrestrial vegetation is expected to affect the net carbon budget of
lake desiccation (by consuming inorganic carbon from the atmosphere through
photosynthesis) and may be affected by sediment salinity. In order to assess dry lakebed
sediment CO2 production and terrestrial vegetation characteristics across a broad regional
salinity gradient, I carried out an addition two-day intensive field campaign. This
intensive campaign was carried out from August 2nd to 4th, 2020, with samples being
retrieved from four locations representing desiccated lake beds associated with highsalinity (Gunnison Bay, GSL), medium-high salinity (Gilbert Bay, GSL), medium-low
salinity (Ogden Bay, GSL), and low-salinity (Goshen Bay, Utah Lake) environments.
Rates of sediment CO2 flux were measured at each location from sediments at two to
eight desiccated lakebed sites along a transect from the original lake shore towards the
current direction of the lake– ensuring that at least one site was from the local natural
terrestrial environment to partially control for natural terrestrial variability between
locations. As with the seasonal sampling campaigns, sediment samples were retrieved
from inside the flux chamber area, stored in sterile pre-labeled plastic bags (Whirl-Pak),
and transported in a dark cooler with ice packs to USU, where they were stored in a
refrigerator until analyzed. Methods used and analysis parameters were the same as those
mentioned in the bi-weekly dry flux campaigns.
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Vegetation transects (one per location) were carried out at each flux site, within
100 m of flux measurements. A 1 m2 grid was set up at random locations. All surface and
sub-surface (as much as possible) vegetation within the 1 m2 grid was removed and
stored in labeled plastic bags and transported to USU laboratories. Above-ground
vegetation was weighed fresh (for wet weight), and then dried until constant weight in an
oven at 60°C to determine dry weight. A sample of the dominant vegetation type (reed,
pickle weed, etc.) associated with each plot was analyzed for organic carbon content by
the USU Geology Department and was paired to total site vegetation dry mass to estimate
the total net primary production of terrestrial vegetation at each location, assuming that
early August is roughly the maximum period of annual vegetation growth in this region.

Data Analysis
Relationships between soil conductivity (salinity), organic matter content, and
CO2 fluxes were tested using standard statistical approaches (i.e. testing for normality to
determine whether parametric or non-parametric tests are necessary) to carry out my
research objectives. Local measured terrestrial vegetation carbon content (as carbon flux
from atmosphere to the land) and measured CO2 fluxes (from soil to atmosphere) were
both be expressed in terms of annual rates, and the difference between them were
calculated to improve estimates of the net local carbon flux associated with desiccation
across this salinity gradient. Finally, these dry flux measurements were compared to the
measured terrestrial CO2 fluxes at each site as well as calculated surface water CO2 fluxes
associated with each water body (Great Salt Lake, Utah Lake) to estimate the landscapescale effect of desiccation across a salinity gradient. Seasonal means of CO2 fluxes were
calculated through Pivot tables (Excel) where location, air temperature and soil
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temperature were chosen. These means were then used to analyze relationships between
CO2 fluxes and different potential drivers that were sampled concurrently. Each site was
analyzed through R programming for statistically significant differences. Due to nonnormalized data and having negative values that were significant to my study, I decided
to use non-parametric tests (Kruskal Wallis and Dunns test) for better results. R packages
that were used to analyze data were FSA (for non-parametric tests) and rcompanion (for
alphabetical labelling).

Results and Discussion
Measured CO2 fluxes from the dry lakebed (no terrestrial) of GSL ranged from 51 to 1444.7 mmol CO2 m−2d−1 (with negative fluxes representing an in-flux of CO2 from
the atmosphere to sediments). This range from a single lake spans a similar range as
found in a global analysis of CO2 flux from playas of 196 lakes (-27 to 2,968 mmol CO2
m−2 d−1; Keller et al., 2020). These data provided a mean CO2 flux of 114 mmol CO2 m−2
d−1 (1.37 g-C m-2 d-1) during the growing season (April-November 2020). Measured CO2
fluxes were highest during warmer months (July to September) with mean CO2 flux rates
of 160.4 ± 213.4 mmol m−2 d−1 and significantly lower during spring (April to June, mean
= 127 ± 230.5 mmol m−2 d−1) and fall (October and November, mean = 11.87 ± 21.61
mmol m−2 d−1) seasons (p<0.05, Kruskal-Wallis), thus confirming my first hypothesis that
CO2 fluxes would vary seasonally (Fig. 3.2).
Significant relationships were not observed between CO2 production rates and
environmental variables, however, general patterns suggest that seasonal change in
measured lakebed CO2 production may be driven by changes in sediment conditions.
Sediment temperature has been identified as an important driver of sediment CO2
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production in other studies (Keller et al., 2020). GSL dry bed CO2 fluxes tended to be
relatively suppressed when sediment temperatures were below 20-25 °C, with the lowest
measured flux (-51.6 mmol CO2 m−2 d−1) associated with a sediment temperature of -9
°C, and the highest measured flux was 1,444 mmol CO2 m−2 d−1, associated with a
sediment temperature of 32 °C (Fig. 3.3). A similar non-linear relationship was found
with air temperature and high sediment fluxes (Fig. 3.4).
Prior studies have also identified an important role for sediment moisture content
as driving dry CO2 fluxes (Keller et al., 2020). This is considered a likely control of dry
bed fluxes as soil moisture has been linked to changes in metabolic processes in
sediments (Oberbauer et al., 2007; Marcé et al. 2019; Manzoni et al., 2012). However,
CO2 flux rates measured in GSL exposed sediments featured a non-linear relationship
with sediment moisture, with the highest measured emissions occurring at intermediate
values of sediment water content (~10-20%), and consistently suppressed emissions at
lower and higher moisture content (Fig. 3.5). This relationship is indicative of moisture

Figure 3.2.
CO2 Fluxes from the Exposed Lakebed of GSL through 2020. Middle Bars in Boxes Show
the Median of the Data. The Y Axis Represents CO2 Flux Values in a High Range. Letters
are Labeling the Months that are Significantly Different from Each Other.
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Figure 3.3.
CO2 Flux with Temperature Raw Data. Data Clearly Show the Relationship Between Soil
Temperature and CO2 Flux Emissions, Having a Very Low Emissions at Low
Temperatures and High Emissions at Higher.
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Figure 3.4.
Air Temperature and CO2 Fluxes from Raw Data. These Data show the Range of Fluxes
with Temperatures. Note the Negative CO2 Flux at Temperatures 10° C and Lower.
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Figure 3.5.
Sediment Production Rates of Carbon Dioxide Relative to Sediment Water Content at
Sampling Locations in the Great Salt Lake Playas.
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sensitivities of microbial redox reactions, as sediment moisture and temperature can
interact as controlling factors of microbial respiration processes that control CO2 flux
rates in sediments (Keller et al., 2020).
It was expected that that salinity gradients in the region would influence sediment
CO2 fluxes, especially when accounting for returning terrestrial vegetation. The results of
this study did not find a significant relationship between CO2 flux rates and sediment
salinity (measured as conductivity) (Fig. 3.6). Previous studies have similarly found that
sediment conductivity did not strongly influence dry bed CO2 fluxes (Keller et al., 2020).

Figure 3.6.
CO2 Fluxes from the Exposed Lake Bed of GSL and Conductivity Measurements
Analyzed from Sediment Samples through a YSI.
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A survey of terrestrial vegetation across the region confirmed that highly saline
lake beds in GSL featured little to no terrestrial vegetation (r2= 0.415 Fig. 3.7).
Comparing the carbon content of sample vegetation to measured CO2 production from
the exposed lakebed, these data indicate that the landscape carbon cycling effect of
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returning terrestrial vegetation surrounding GSL desiccated areas is negligible compared
to the sediment CO2 production. Even though there was some return of vegetation, even
in less-saline basins, the vegetation that was present did not appear to fully compensate
for sediment CO2 emissions. These data generally support my second hypothesis that
patterns in terrestrial vegetation returns generally respond to local salinity gradients.

Figure 3.7.
Final Vegetation Weight for Vegetation Collected through the Intensive Campaign that
Covered Different Salinity Gradients around the Lake.
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Finally, I considered whether CO2 produced in exposed lakebed sediments in GSL
may be important to consider as anthropogenic CO2 emissions. A simple modeling
exercise was performed to extrapolate the mean CO2 flux rates measured in the study
transect to consider the potential implications of the large area of exposed sediments.
Consumptive water diversions, climate variability, and drought in GSL have led to the
exposure of 2,653 km2 of lakebed surface area, and the mean value of CO2 emissions in
the study period was 114 mmol CO2 m2 d-1 would scale up to 1.04 metric tons of CO2
released from exposed sediments lakewide (Fig. 3.8). It is important to note that this
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modeled value does not represent actual estimated values of lake wide sediment CO2
production because measurements were limited to a single transect of lakebed sediments.
It is unknown how rates of CO2 production in the exposed sediments compare to aquatic
CO2 production and how atmospheric exchange is mitigated through environmental
conditions. Although these data are insufficient to reliably predict CO2 emissions at the
basin scale, they indicate that measurements of CO2 flux from exposed lakebed sediments
increase as exposed sediment area increases with lake level drawdown.

Figure 3.8.
CO2 Fluxes from the Exposed Lake Bed of GSL, Lake Level Decline and Surface Area.
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In conclusion, my data supported both of my hypotheses: 1) Dry lake bed fluxes
were seasonally variable. Measuring through spring, summer and fall, CO2 fluxes
increased as temperatures increased and decreased as temperatures decreased, and 2)
Salinity gradients influenced the return of terrestrial vegetation in exposed lakebeds,
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which may potentially affect net CO2 fluxes from the lake. Vegetation biomass decreased
as salinities increased through terrestrial beds of GSL responding to salinity gradients.
Altogether, this study suggests that anthropogenic desiccation of saline lakes leads to
variable CO2 emissions depending on environmental conditions. Great Salt Lake as one
saline system, may shift carbon transformation rates within the ecosystem with future
lake level decreases. Returning vegetation considered as a possible offset of these dry bed
emissions, is not a reliable option for saline lakes due to the high level of salinity that
make it impossible for vegetation to survive. Future work should consider the variability
of CO2 fluxes from exposed sediments lake-wide to determine the spatial heterogeneity
lake basin conditions. Additionally, to more accurately determine the potential
contribution of decreasing lake levels on greenhouse gas emissions from exposed lakebed
sediments, future work should quantify aquatic CO2 exchange with the atmosphere as
well as sediment CO2 exchange with the atmosphere to predict how large-scale shifts in
lake state will affect net CO2 production from the ecosystem.
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CHAPTER 4
CONCLUSION
The desiccation of Great Salt Lake is progressively affecting the lake’s carbon
cycling processes. Data suggest that GSL is a highly productive lake, even more so than
prior assessments had considered. Lake level drawdowns have significantly impacted
shallow bays in the lake, with Bear River Bay at 0.0006% of lake surface area and
Farmington Bay with 0% at the current 1277 m elevation. Declining lake levels has
decreased gross primary production rates and respiration rates, lakewide metabolic activity
indicates that GSL is a net heterotrophic lake despite large lake level decreases in 2021.
Increasing salinities driven by decreased lake volume affect food webs by limiting their
metabolism processes. Not only is this decreasing available food resources for avian
species but it is also increasing the exposed lake bed creating health concerns and allowing
sediment exchange of CO2 to the atmosphere.
Saline lakes are an optimal place to practice better management strategies since the
loss of aquatic production and increased sediment CO2 emissions from a lake this variable
can serve as an example for lakes around the world, seeing that they make up a large
proportion of the global lake surface area. Past management strategies from GSL have
allowed ~3.3 trillion liters of water to be diverted from GSLs tributaries, making these the
largest impact on water levels. As shown in the data above, affecting lake productivity that
could impact brine shrimp and waterfowl food sources, negatively affecting Utah’s ecology
and economy. These findings can serve as an important tool in understanding priorities for
managing GSL and indicates that maintaining water levels in the lake is vital to preserving
habitat and important food sources for the lake’s wildlife.
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